Three types of composite coatings were deposited by high velocity oxy-fuel (HVOF) spraying using metal-clad WC-18Co and SiC-50Co cermet powders, and sintered-crushed Al 2 O 3 -75Ni composite powders. Liquid-solid two-phase state of the sprayed particles with two different structures was achieved prior to their impingement on the substrate. The effects of particle structure and HVOF spraying parameters on volume fraction of the solid phase were investigated. The distribution of ceramic particle size inside coatings was also clarified. Scanning electron microscopy was employed to characterize the microstructure of HVOF sprayed cermet coatings. The volume fraction of solid particles and the distribution of particle size in the three types of coatings were estimated using a quantitatively metallographic approach from the microstructure of the coatings. The volume fraction of the solid phase in the coating made from Al 2 O 3 -Ni powders was increased with increase in the fuel gas flow. The maximum volume fraction of the Al 2 O 3 phases reached about 64% of the original powder. On the other hand, the volume fraction of solid phase in the clad cermet coatings was decreased with increasing the fuel gas flow. The volume fraction of the solid phase dropped significantly from 72.2% in the original WC-18Co particle to 8.5% in the coating. The limited retention of the solid phase from spray particle to subsequent coating is due to rebounding off of large solid particle upon impacting.
Introduction
Volume fraction, particle size and distribution of refractory ceramics in cermet coatings play an important role in determining mechanical properties of the coatings. [1] [2] [3] A cermet coating having a higher volume fraction of ceramic particles and more homogenous structure will perform with better wear resistance. The wear performance of a cermet coating depends on its microstructure and the volume fraction of carbides being retained from powder during the deposition.
4) The characteristics of the powder feedstock have a significant influence on the coating microstructures, 5) although coating microstructure is often much different from that of the powder due to rapid cooling and solidification features inherent to thermal spray process. 6) In our previous study, it was found that using large WC particles cladding with 18 mass% cobalt the consequent HVOF coating is primarily composed of the matrix of Co-W-C ternary alloy in an amorphous state. 7) The cermet coating with retention of only a few carbide particles is similar in microstructure to HVOF metallic coating containing unmelted particles. However, such HVOF cermet coating presents much higher adhesive strength than common metallic coatings with a similar structure. 8, 9) On the other hand, owing to the lower volume fraction of WC particles in the coatings and the larger WC particle size, the wear resistance of this type of coating is much lower than that of the WC-Co cermet coatings deposited using sintered-crushed powder. Therefore, it can be considered that wear performance of a thermally sprayed cermet coating depends significantly on the microstructural features of the coatings, e.g., volume fraction, size and distribution of carbide or oxide particles. The adhesive strength of the coating, however, should be decided by the impacting behaviour of spray particles especially solid carbide or oxide phase in spray particles during thermal spraying. C. Verdon 10) reported that the fraction of WC grains in the coating was smaller than that in the powder and fluctuated throughout the coating. However, the relation of WC particle size in the coating to that in the powder is significantly influenced by WC particle size in the starting powder with WC-Co cermet as revealed in our recent study.
11) It is essential with HVOF deposition of cermet coating to understand the effects of powder structure and spraying parameters on the impacting behaviors and consequently the volume fraction of solid phase in the coatings. Therefore, in the present study, the effect of particle structure and HVOF spray parameters on the volume fraction of retained ceramic particles after the HVOF spraying was investigated. In addition, the distribution of the ceramic particle size in the HVOF cermet coating was also discussed. The deposition behavior of a solid-liquid two-phase particle in HVOF process was elucidated.
Experimental Materials and Procedures

Experimental materials
Three types of composite powders were used as feedstocks. Those powders were WC-18Co, SiC-50Co and Al 2 O 3 -75Ni. Table 1 shows the compositions, fabrication approaches, powder particle size ranges and volume fraction of the ceramic phase. The ceramic particles can not be fully melted due to their high melting point during HVOF spraying. Therefore, the ceramic fraction in the powder particles was taken as solid particle fraction prior to their impact on the substrate. Figure 1 shows the typical cross-sectional morphology of the powders. Both SiC-50Co and WC-18Co powders clearly present a cladding structure with a polygonous refractory ceramic core enwrapped by metallic cobalt, while Al 2 O 3 -75Ni powder presents a typical sintered-crushed morphology with several polygonous Al 2 O 3 ceramic particles aggregated in nickel matrix.
Deposition of HVOF coatings
HVOF spraying was carried out using CH-2000 HVOF system developed in Xi'an Jiaotong University. A detailed description of the system was given elsewhere. 12) Propane was used as fuel gas and nitrogen was used as powder carrier gas. The pressures of propane and oxygen were fixed at 0.35 and 0.55 MPa, respectively. The pressure of powder carrier gas was also fixed at 0.35 MPa. Spray distance was kept at 210 mm. During coating deposition, oxygen flow was kept at 439 L/min and propane flow was varied from 28 to 39 L/min to alter particle temperature. All coatings were deposited to a thickness of 200{250 mm. The mild steel plates in 4 mm thick were used as substrate. Prior to spraying, the surface of the mild steel substrate was sand-blasted using 20-mesh alumina grits to a surface roughness of about Ra 5.8 mm.
Preparation of individual splats
Splats were obtained through placing a shielding plate in parallel to substrate during spraying. Several holes of 1 mm in diameter were distributed in the shielding plate and the plate was put 30 mm ahead from the substrate in order to allow only limited spray particles to pass through flame jet to form individual isolated splats. Stainless steel plate was used as the substrate for the splat collection and it was surfacefinished using 1000# emery paper.
Coating and splat characterization
The microstructure of the coatings and splats was examined by scanning electron microscopy (SEM). The volume fraction and grain size of the solid phase in the coatings were estimated metallographically from their crosssectional SEM microstructure.
According to the quantitative stereology theory of the quantitative metallography, the volume fraction of one phase in a ployphase system is equal to the average area fraction of this phase. Therefore, counting the total pixels of WC and SiC carbides or Al 2 O 3 oxide particles from the crosssectional images using image analysis technique can give insight into the average area fraction of these phases. Consequently, the statistical volume fraction of the carbides or oxides in the powders and coatings can be obtained. As for as the carbide or oxide shape was concerned, it needed to be taken into account if only the particle size was examined due to volume fraction of one phase in a ployphase system being Deposition Behaviors of Solid Phases in Liquid-Solid Two-Phase Particles in High Velocity Oxy-Fuel Sprayingequal to the average area fraction of this phase as mentioned above. When the particle size was estimated, a sphere model was supposed firstly. Then shape factors of each actual shape of carbide or oxide were applied to modify the statistical results. Figure 2 shows the typical microstructure of the HVOF cermet coatings deposited with the three powders. These coatings present a similar dense structure with carbide particles being distributed evenly. Compared with the morphology of the ceramics in the original powders (Fig. 1) , it was found that WC, SiC and Al 2 O 3 refractory ceramic particles in the coatings exhibit similar polygonal morphology to those in powders. This fact means that the ceramic particles were hardly melted prior to impact during the HVOF spraying. Consequently, it is clear that all the coatings were formed by solid-liquid two-phase spray particles. The ceramic particles in the powders are in a solid state while the binder metal phase is in a molten liquid state during the spraying.
Results
Typical microstructure of the HVOF cermet coatings
3.2 Effect of particle structure and propane flow on the ceramic volume fraction in the coatings It shows that the ceramic fraction in the HVOF coatings was dramatically reduced. The ceramic volume fraction in WC-18Co coating was abruptly decreased from 72.2% in the feedstock to 8:5 AE 0:6% in the coatings. Moreover, the reduction of ceramic volume fraction from sintered/crushed Al 2 O 3 -75Ni powder to the coating is not as large as that of the clad ones. Figure 3 shows the effects of propane gas flow on the ceramic volume fraction in HVOF coatings deposited with two powders. The ceramic volume fraction in the SiC-50Co coatings was decreased with increasing the propane gas flow. When the propane flow was increased up to 39 L/min, the SiC volume fraction in the coatings was decreased to 14.3%, which is less than 20% of the original ceramic volume fraction in the powders. Obviously, $80% of the SiC particles have been lost after the HVOF spraying. The clad WC-Co powder had a very similar structure to the clad SiCCo one; its varying tendency of ceramic volume fraction in the WC-Co coating depending on propane flow rate was similar to that in the SiC-Co coating.
On the other hand, it was found that the Al 2 O 3 volume fraction in the Al 2 O 3 -75Ni coatings was increased with the increase of the propane gas flow. When the propane flow was 39 L/min, the volume fraction of Al 2 O 3 in the coatings was 64% of that in the original powders. It is clear that the loss of Al 2 O 3 particles is significantly less than that of SiC and WC particles. Table 2 shows the mean particle size of the ceramic particles in the coatings. The mean WC particle size in the powders was 17:5 AE 7:1 mm.
Effect of propane flow on the average particle size of the ceramic particles in the coatings
11) After spraying, the mean size of the WC particles in the coatings was dramatically decreased to 4:4 AE 2:6 mm. Moreover, it was found that the propane flows had little influence on the mean size of the ceramic particles in the coatings. Figure 4 shows the distribution of ceramic particle size in HVOF sprayed cermet coatings. In the same area, the number of the ceramic particles in HVOF WC-18Co coating is the lowest even though the ceramic volume fraction in the powder was high up to 72.2%. Moreover, there were few WC particles with the size over 10 mm in the coatings although the mean WC particle size in the powders was 17.5 mm. In addition, the sizes of the ceramic particle in the coatings deposited with both clad WC-18Co and SiC-50Co powders were primarily distributed over a narrow range of 2{5 mm. However, the coating prepared with the sintered-crushed Al 2 O 3 -75Ni powder presented a broad distribution of ceramic particle size.
Distribution of particle size of the solid phase in the coatings
Discussion
During HVOF spraying, it is reasonable that ceramic particles with a high melting point are in a solid state while only the binder phase is in a molten state due to the relatively low temperature and high velocity of the flame. 5, 9, [12] [13] [14] Moreover, it could be considered that the decomposition of the carbide is limited during spraying.
When WC-18Co clad powders are injected into HVOF flame, clad cobalt will first melt and dissolve a fraction of Deposition Behaviors of Solid Phases in Liquid-Solid Two-Phase Particles in High Velocity Oxy-Fuel Sprayingtungsten and carbon to form a liquid phase that enwraps WC. Upon subsequent impact, the liquid prefers to deposit and large WC solid particles tend to rebound from the substrate or precoating due to high velocity of the particles. Therefore, HVOF WC-18Co coatings consist of the Co-W-C ternary alloy lamellae in an amorphous state due to the rapid cooling inherent to thermal spraying. 7) The structure of cermet coating deposited using clad powder is much similar to that of HVOF metallic coatings.
The examination of individual WC-18Co splats showed that most splats contained mainly molten metal matrix binder phase evidently without carbide particle. The carbide particles had been pushed out off the splat and left on its surface as shown in Fig. 5(a) , and the retained carbide particles at the center of splat are embossed out clearly (Fig. 5(b) ). Therefore, it can be claimed that most of the large WC solid cores rebounded off upon impingement during spraying. The results suggest that the deposition using such cermet powder will lead to the substantial loss of carbides. That is the reason why the volume fraction and particle size of WC ceramic particles in the coatings were remarkably reduced.
Similarly, only metal matrix binder was present in SiC50Co splats (shown in Fig. 6(a) ). It is evident that most large SiC particles in the center of the splat had rebounded off on impingement, although it was found that relatively large SiC particles were retained and embedded in some splats (Fig. 6(b) ).
However, the volume fraction of the retained SiC particles in the HVOF coating is much higher than that of WC particles. This is possibly because the momentum of SiC50Co is only 1/2 of that of WC-18Co under the same HVOF spraying conditions. 15) Therefore, the larger solid WC particles are more prone to rebound off on impingement than SiC particles. Moreover, with the increase in the propane flow, the momentum of SiC-50Co particles is increased due to the increase in the temperature and velocity of the flame. Increasing particle temperature results in a reduction of the viscosity of liquid metal matrix phase. As a result, the tendency for SiC particles to rebound off was increased. Therefore, the volume fraction of the retained SiC particles in The increase in the propane flow will benefit the adherence of Al 2 O 3 -75Ni to the substrate, because the volume fraction of ceramics in the powder was relatively low compared to the clad powders. In addition, there is more molten metal matrix binder to enwrap relatively smaller Al 2 O 3 particles during spraying. Therefore, most of the Al 2 O 3 particles were retained in the coatings. Consequently, the ceramic volume fraction in the Al 2 O 3 -75Ni coatings was increased with the increase in the propane gas flow.
In fact, both factors of momentum and enthalpy will affect deposition behaviors of the two types of particles at the same time. However, the degree of impact of the two factors is significantly different for the two different types of powders with different metallic matrix. With the two clad powders, because of the higher volume fraction of carbide which meaning a large solid core packed with a little melting metal shell, the momentum of spray particles will play a more important role in affecting the deposition behaviors than the enthalpy, i.e. rebounding of the solid phases will be primary phenomena. On the other hand, with the sintered-crushed Al 2 O 3 -75Ni powder, increasing the enthalpy of the spray particles may benefit the adherence of the particles to the substrate because there is more molten metal matrix binder to enwrap relatively smaller Al 2 O 3 particles during spraying due to the lower volume fraction of ceramics in the Al 2 O 3 -75Ni powder compared to the clad ones.
Conclusions
The effects of powder structure and HVOF spray parameters on the volume fraction and the size distribution of the ceramic solid particles retained in composite coating were investigated. The volume fraction of Al 2 O 3 in the coating made from sintered-crushed Al 2 O 3 -Ni composite powders was increased with the increase of the fuel gas flows. The maximum volume fraction of the Al 2 O 3 phases reached about 64% of the original powder particle. It was found that with clad spray powders, the volume fraction of ceramic phase in the coating was decreased with increasing the fuel gas flows. The volume fraction of ceramic phase in the WC-18Co coating was only 8.5% which is much lower than that in the original powder (72.2%). Such significant reduction of the ceramic phase after spraying was attributed to rebounding off of large ceramic particles from the substrate/precoating upon impingement. As a result, it is difficult to fabricate an HVOF cermet coating with high ceramic volume fraction when clad ceramic particles enwrapped with metal alloy are employed as starting powder.
